High resolution IR spectra of small-to medium-sized molecules such as 2-fluoroethanol (2FE) show that the effective density of coupled states is often greater than that obtained by a direct count of vibrational states. A novel mechanism for rotation-vibration interaction, vibrationally induced rotational axis switching (VIRAS), is proposed as a possible explanation for these discrepancies. VIRAS has its origin in centrifugal distortion, and is physically distinct from Coriolis coupling. In the case of 2FE, we explicitly treat the coupling of overall rotation with large-amplitude internal rotation about the C-C bond. Assuming a uniform coupling of all dark vibrationtorsion states to the bright state, we predict a density of coupled states in good agreement with that observed in the C-H stretching region at 2980 cm -1 .
I. INTRODUCTION

Intramolecular vibrational energy redistribution (IVR) has been the
focus of intensive work, both theoretical and experimental, over the past decade. 1 -2 1 The idea of state-selective laser excitation to control chemical reaction rates has been the motivation for a variety of experiments. One would like to mode-selectively excite a molecule to obtain reaction rates or product distributions that are functions of the particular mode excited, rather than just the total energy and angular momentum. Rapid IVR is, however, a major obstacle to such dreams. Factors influencing rates and mechanisms of IVR are varied and extensive, and not as yet completely understood. As a result, both experimentalists and theorists continue striving to understand the phenomenon of IVR.
The consequences of IVR are manifest in both time-domain and frequency-domain experiments. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Frequently, IVR is viewed as an explicitly resolved data and discuss in detail the application of these mechanisms to mode-coupling in the mid-sized molecule pyrizine. 10 From these as well as other experiments 4 -13 , it is clear that rotational angular momentum can play an important role in state mixing, and our understanding of the physical mechanism of rotation dependent vibrational mode-coupling is far from complete.
High resolution vibrational spectroscopy has been used to resolve individual ro-vibrational eigenstates in molecules of intermediate size. [4] [5] [6] [7] [8] Perturbations in the spectra of many molecules lead to the appearance of clusters of peaks where one would expect to see a single ro-vibrational transition. These clusters or clumps of peaks are direct evidence of state coupling. Each additional peak in such a clump of peaks represents mixing of the bright state with a dark state. Such spectral features have been observed in a number of studies of mid-sized organic molecules in molecular beams. 4 -8 In some cases, there is a rotational dependence to the mode-coupling, 6 -8 while in others the mode coupling is independent of rotation. 5 ,6 In either case, there is often a discrepancy between experiment and theory in the number of coupled states.
One approach used to determine the mechanism of vibrational coupling is to compare the theoretically predicted density of coupled states to the density of coupled states measured experimentally. Using a zeroth-order basis set of bright and dark states, the total number of vibrational states Tor states/cm -1 , depending on the potential functions used in the calculation. In this calculation the fundamental vibrational frequencies for all but the torsional modes, were used from experimental measurements 2 5 , and a 2% anhamonicity was assumed. The torsional modes were treated as hindered rotors. 2 6 An additional coupling mechanism is apparently required to account for the discrepancy between experiment and calculation.
One possible coupling mechanism that will lead to rovibrational mixing is standard Coriolis coupling. The Coriolis term in the Watson
Hamiltonian 22 directly couples zeroth-order vibrational states differing bt one quantum in each of two modes. As dark states in 2FE at approximately 3000 cm -1 contain as many as 80 quanta, it is necessary to invoke very high order combinations of anharmonic and Coriolis perturbations to explain the observed level density. The observed J-dependence of the density of coupled states is, however, relatively weak (see Fig. 7 ), suggesting that Coriolis coupling is significant only to low order, if at all. We are therefore led to examine additional rotation-vibration coupling mechanisms to explain the perturbations observed in the high resolution infrared spectrum of 2FE.
In this paper, we analyze a mechanism for rovibrational mixing based on the phenomenon of vibrationally induced rotational axis switching (VIRAS).
VIRAS is most pronounced for dark states containing torsional modes, where large-amplitude internal rotation occurs.
A summary of the paper follows: in Section II we introduce the key physical idea of VIRAS in the context of the conventional description of rotation-vibration interaction in semi-rigid molecules. The theory is then developed in more detail for a molecular model in which one largeamplitude internal motion is treated explicitly. In Section HI we apply the theory to 2FE. The VIRAS mechanism is able to provide a very reasonable estimate for the density of states coupled to a given bright state for the example of 2FE. Conclusions are given in Section IV.
II. THEORETICAL APPROACHES TO ROTATION-VIBRATION COUPLING
In this Section we first introduce the essential physical idea of vibrationally induced rotational axis switching in the simple context of the usual rotation-vibration Hamiltonian for semi-rigid molecules. To apply the theory to the particular case of 2FE, however, it is necessary to consider explicitly large-amplitude torsional motion.
A. Bright and Dark States
The standard spectroscopic approach to the problem of vibration- Centrifugal coupling arises from the vibrational coordinate dependence of the molecular moments of inertia. In the VIRAS mechanism we focus attention on a rotation-vibration coupling phenomenon that is a consequence of centrifugal interaction, and so is physically distinct from Coriolis coupling. This VIRAS phenomenon is analogous to axis switching in electronic transitions 25 .
B. Vibrationally Induced Rotational Axis Switching in Semi-rigid Molecules
To introduce the VIRAS phenomenon for semi-rigid molecules, consider an adiabatic separation of (3N-6) "fast" vibrations from "slow" As an example, shown in Figure 1 
C. Coupling of Internal Rotation and Overall Rotation in 2-Fluoroethanol
In this subsection, we derive a Hamiltonian describing interaction of overall rotation with a single large-amplitude internal rotation coordinate. 2 6 , 2 7 The model Hamiltonian is then applied to describe the interaction of rotation with internal rotation about the C-C bond in 2FE.
Internal rotation about the C-O bond involves solely the motion of a hydrogen atom. The perturbation caused by this internal rotation is small in terms of the VIRAS effect and is assumed to be only weakly coupled to the overall rotation. Therefore, the C-O torsion is not considered explicitly, but is treated as an uncoupled hindered rotor. All remaining 3N-8 internal coordinates are treated as high frequency small amplitude vibrational coordinates. Although we shall not need to specify the precise choice of embedding for the molecule-fixed frame, the Eckart-Sayvetz frame 2 2 is a natural choice.
The coordinate system used is shown in Fig. 2 . Note in particular that the internal rotor angle X is half the FCCO torsion angle, so that internal rotation generates only a small amount of angular momentum about the C-C axis. In the treatment of the FCCO torsion, the OH group is a single point mass.
Following standard procedures 2 7 , the quantum mechanical rotationtorsion Hamiltonian for the model of The rotation-torsion component of the bright state associated with the vibrational transition of interest is taken to be a product of a rotational eigenfunction for an asymmetric top with appropriate rotational constants and the torsional ground state function I m=0>. The bright state can also be expanded in the same product basis set used above: This procedure is demonstrated in detail for the case of 2FE in the next Section.
III. VIRAS AND 2-FLUOROETHANOL
Using the procedure outlined in the previous Section, we now calculate the density of states available for coupling in 2FE.
There are 21 normal modes in 2FE, of which two are torsional modes, corresponding to rotation about the C-C bond and the C-O bond, respectively.
The fundamental frequencies of these modes have been measured and assigned experimentally. 25 In order to make a crude estimate of the vibrational density of states, we treat the 2 torsional modes separately as hindered rotors, while the other 19 modes are treated as uncoupled anharmonic oscillators. 6 , 7 A 2% anharmonicity is assumed for all modes.
The potential functions for the two torsional modes are shown in Figure 3 .
The C-O torsional potential is a calculated function from the work of Wiberg and Murcko. 28 The C-C torsional potential was generated to correspond to experimentally determined values of the barrier heights and relative well depths. Direct counting of the vibrational states including a 2% anharmonicity then gives an average calculated density of states of 56 states/cm-1 at 2980 cm-1 . With anharmonic coupling alone, the maximum number of available states in this region is therefore 56/cm -1 . Both Coriolis coupling and the VIRAS mechanism can result in rovibrational mixing, thereby increasing the number of states available for coupling in this spectral region. We now calculate the number of coupled states using the VIRAS model of the previous Section.
A normal mode analysis of 2FE was performed using MOPAC 3 0 . The input geometry of 2FE was determined from experimental data. 25 MOPAC excuted a MNDO 31 calculation on the input geometry until a stable geometry was found; only minor modifications to the input geometry resulted. The MNDO calculation also produced force constants, vibrational frequencies, normal modes, and the transformation matrix from cartesian coordinates to normal coordinates. The calculated frequencies from the normal mode analysis are in good agreement with experiment for the high frequency modes, but some discrepancies are found for the low frequency modes (See Table I ). The normalized normal coordinate eigenvectors were used to calculate classical RMS displacements of each atom at a vibrational energy equal to the zero-point energy. Assuming an adiabatic separation of vibration and rotation, the geometry change upon excitation of the 19 small-amplitude harmonic modes is not sufficient to significantly rotate the principal axes in the molecule, so that VIRAS will not be important for these modes. Since there are such small changes in geometry upon excitation of vibrations other than the torsional modes, changes in inertial parameters due to excitation of these other modes are henceforth neglected. Excitation of the large-amplitude C-C torsion mode leads to the largest VIRAS effect, and we now consider the interaction of this mode with overall rotation.
The Hamiltonian describing interaction of rotation with largeamplitude C-C torsion was given in the previous Section. The torsional basis used consists of eigenstates of the torsional Hamiltonian HT. The torsional potential for the C-C torsion was modelled as a periodic sum of cosines:
where the Vn's are derived from experimental values for the barrier heights and relative well depths (See Figure 3) .28,29 The C-C torsional potential is shown in Figure 4 , together with the energy levels determined for this potential. Torsional eigenfunctions were expanded as a sum of cosine and sine functions, and the expansion coefficients calculated based on the algorithm of Lewis et al. 26 The size of the expansion basis was increased until convergence within 0.2 cm-1 was attained. A representative selection of wavefunctions is shown in Figure 5 . Note that VC-C is a periodic function with two identical minima at the two gauche forms and a single local minimum at the Tt' form. The low energy torsional levels are nearly doubly degenerate with maximum probability density at the gauche forms. With increasing quantum number, new states appear with probability density at the trans form at approximately v=20. At higher quantum levels, the wavefunction begins to delocalize over all angular space (v>48).
A total of 120 torsional states are used in the expansion of the rotationtorsion eigenstates of Hamiltonian Eq. 4 From the coordinate system of Figure 6 . The rotation-torsion component of the total eigenvectors can be projected onto the rotational bright states using Eq. 8. As discussed in the previous Section, to compare theory with experiment it is necessary to set a cutoff value for the overlap Eq. 8, below which the associated transition is deemed unobservable. This threshold is set at 1% of the maximum overlap. It should be emphasized that the 1% value is determined by the dynamic range of the experiment and is not an arbitrarily adjustable parameter.
The results of our quantum mechanical treatment of VIRAS in 2FE are shown in Figure 7 and presented in The agreement between our model and the experiment has been achieved without any adjustable parameters. The precise nature of the dark states in the vicinity of a given bright state, however, is expected to be a sensitive function of the details of the torsional potential function. Although our potential function was constructed to agree with experimentally measured parameters, the form of the potential chosen is necessarily an approximation. To evaluate the effect of our choice of potential on the VIRAS predictions, we changed the barrier heights and relative well depths by 10% and recalculated the predicted density of coupled states. The results of this calculation are plotted as a function of J in Figure 8 . These changes in the potential surface had only a small effect on the theoretical predictions, and our results remained in good agreement with the experimental data.
IV. CONCLUSION
The phenomenon of vibrationally induced rotational axis switching (VIRAS) has been proposed as a mechanism for explaining enhanced densities of coupled states in high-resolution spectra. VIRAS is a direct consequence of centrifugal distortion, and is best understood in terms of an 
